Although horizontal binocular retinal disparity between images in the two eyes resulting from their different views of the world has long been the centerpiece for understanding the unique characteristics of stereovision, it does not suffice to explain many binocular phenomena. Binocular depth contrast (BDC), the induction of an appearance of visual pitch in a centrally located line by pitched-from-vertical flanking lines, has particularly been the subject of a good deal of attention in this regard. In the present article, we show that BDC does not cross the median plane but is restricted to the side of the visual field containing a unilateral inducer. These results cannot be explained by the use of retinal disparity alone or in combination with any additional factors or processes previously suggested to account for stereovision. We present a two-channel three-stage neuromathematical model that accounts quantitatively for present and previous BDC results and also accounts for a large number of the most prominent features of binocular pitch perception: Stage 1 of the differencing channel obtains the difference between the retinal orientations of the images in the two eyes separately for the inducer and the test line; stage 1 of the summing channel obtains the corresponding sums. Signals from inducer and test stimuli are combined linearly in each channel in stage 2, and in stage 3 the outputs from the two channels are combined along with a bias signal from the body-referenced mechanism to yield , the model's prediction for the perception of pitch. binocular depth contrast ͉ binocular retinal disparity ͉ stereoscopic vision T he primary neural mechanism for the binocular perception of depth is generally considered to have its basis in the image differences in the two eyes resulting from their horizontal offset (1-6). Whereas these binocular patterns alone produce accurate perceptions of the structure and orientation of many three dimensional forms (5) and other binocular phenomena (3, 6), this is not the case with Werner's (7) ''binocular depth contrast'' (BDC) effect, where a pair of bilaterally symmetric pitchedfrom-vertical inducing lines influence the perception of visual pitch of a test line. Although the two classical explanations of BDC make use of binocular retinal disparity exclusively but in different ways (3, 4, 7, 8), later work has made it clear that more than disparity is involved (9-17), suggesting that perspective cues play a major supporting role, as in treatments of other binocular phenomena (18) (19) (20) . In BDC, the perception of visual pitch is induced in a centrally located erect line by flanking sets of pitched-from-vertical lines (refs. 3, 4, 7, and 8; see also chapter 20 of ref. 6 for a review); here, the induced perception is opposite in direction to the pitch of the flanking lines, and its magnitude increases with the pitch of the flankers. Because an identical zero-disparity-gradient test line is generally perceived as erect when viewed in isolation, BDC has been of considerable theoretical interest to the study of depth perception.
Although horizontal binocular retinal disparity between images in the two eyes resulting from their different views of the world has long been the centerpiece for understanding the unique characteristics of stereovision, it does not suffice to explain many binocular phenomena. Binocular depth contrast (BDC), the induction of an appearance of visual pitch in a centrally located line by pitched-from-vertical flanking lines, has particularly been the subject of a good deal of attention in this regard. In the present article, we show that BDC does not cross the median plane but is restricted to the side of the visual field containing a unilateral inducer. These results cannot be explained by the use of retinal disparity alone or in combination with any additional factors or processes previously suggested to account for stereovision. We present a two-channel three-stage neuromathematical model that accounts quantitatively for present and previous BDC results and also accounts for a large number of the most prominent features of binocular pitch perception: Stage 1 of the differencing channel obtains the difference between the retinal orientations of the images in the two eyes separately for the inducer and the test line; stage 1 of the summing channel obtains the corresponding sums. Signals from inducer and test stimuli are combined linearly in each channel in stage 2, and in stage 3 the outputs from the two channels are combined along with a bias signal from the body-referenced mechanism to yield , the model's prediction for the perception of pitch.
binocular depth contrast ͉ binocular retinal disparity ͉ stereoscopic vision T he primary neural mechanism for the binocular perception of depth is generally considered to have its basis in the image differences in the two eyes resulting from their horizontal offset (1) (2) (3) (4) (5) (6) . Whereas these binocular patterns alone produce accurate perceptions of the structure and orientation of many three dimensional forms (5) and other binocular phenomena (3, 6) , this is not the case with Werner's (7) ''binocular depth contrast'' (BDC) effect, where a pair of bilaterally symmetric pitchedfrom-vertical inducing lines influence the perception of visual pitch of a test line. Although the two classical explanations of BDC make use of binocular retinal disparity exclusively but in different ways (3, 4, 7, 8) , later work has made it clear that more than disparity is involved (9) (10) (11) (12) (13) (14) (15) (16) (17) , suggesting that perspective cues play a major supporting role, as in treatments of other binocular phenomena (18) (19) (20) . In BDC, the perception of visual pitch is induced in a centrally located erect line by flanking sets of pitched-from-vertical lines (refs. 3, 4, 7 , and 8; see also chapter 20 of ref. 6 for a review); here, the induced perception is opposite in direction to the pitch of the flanking lines, and its magnitude increases with the pitch of the flankers. Because an identical zero-disparity-gradient test line is generally perceived as erect when viewed in isolation, BDC has been of considerable theoretical interest to the study of depth perception.
Given the historical importance of retinal disparity in stereovision and in the perception of depth, it is not surprising that patterns of disparity have provided the sole basis for the two classical explanations of BDC. In the earliest of these explanations, Werner (7, 8) suggested that roll-tilted binocular orientation disparity of the induction lines produced a central shift in the retinal loci signaling binocular correspondence, resulting in perceived pitch of the physically nondisparate test stimulus. Shortly afterward, Ogle (3) suggested an alternative interpretation based on ocular cyclotorsion. He proposed that a torsional ''compulsion to fusion'' generates ocular cyclorotations in the two eyes that bring the images of the inducing lines closer to the retinal meridia normally stimulated by vertical lines in the erect observer and, thus, results in a gradient of binocular retinal disparity in the images of the erect test stimulus. In contrast to the Werner interpretation, the Ogle interpretation assumes stable binocular retinal correspondence. Although different in their attribution of the source of the induction effect, both theories rely exclusively on disparity information to drive their theoretical predictions; neither the data available at the time nor subsequently provide a basis for preferring one or the other of the two theories.
Although several subsequent investigators have demonstrated depth contrast under various conditions (refs. 11, 13, 17 , and 21-24 and figure 6 in ref. 21) , only van Ee, Banks, and Backus (13) have proposed a mechanism of the effect in addition to those of Werner and Ogle. The essence of their hypothesis was that depth contrast is based on a cue conflict that is present with stereogram-generated stimuli but not with real stimuli. However, it had already been shown by Ogle (3) and several other investigators (e.g., refs. 21 and 24), in experiments using real stimuli, that such cue conflict could not be the sole basis for the effect, because a robust illusion was produced with real stimuli. In addition, Sato and Howard (17) subsequently concluded through their own experiments that a stereo-perspective conflict was not necessary for the production of a depth contrast effect, although it could modulate the effect when present. As will be seen below, the current results provide another example in which BDC is obtained with real stimuli, in contrast to the predictions of the cue-conflict account of the illusion.
The sign of the orientation of the monocular image of a pitched-from-vertical line in each eye (its ''retinal orientation''*) reverses with change of the line's laterality [parallel transport of the line; supporting information (SI) Fig. S1 ], but the sign of the vertical gradient of horizontal disparity (the ''orientation disparity,'' the difference between the retinal orientations in the two eyes) remains unchanged. This combination of invariance of the sign of the disparity and reversal of the signs of the two monocular orientations provides a unique advantage for an examination of BDC in which the asymmetry of test and inducing lines are manipulated independently. However, because all previous studies of BDC have exclusively used test stimuli in the subject's median plane or in which the test stimulus and the inducing stimulus were both symmetrically arranged about the subject's median plane, the opportunity has been missed. Our experiments eliminate these restrictions and as a result have uncovered one of the unusual features of BDC: the failure of spatial induction to cross the midline. This approach has also led us to develop a model that alone provides a basis for the depth contrast illusion that is consistent with existing data and predicts the failure of induction to cross the midline.
The Homolateral Restriction on Spatial Induction Exp. 1: Bilaterally Symmetric Inducing and Test Stimuli. Our first condition ( Fig. 1 ) used bilaterally symmetric inducing and test stimuli consisting of two parallel, 77°-long inducing lines at Ϯ25°h orizontal eccentricity and two parallel, 33 o -long test lines at Ϯ8.3°eccentricity, respectively. These stimuli provided a direct bridge between our next experiments with test stimuli off the median plane and the previous work that had used a bilaterally symmetrical inducer along with a single test stimulus centered on the median plane.
Varying the pitch of the inducer significantly influenced the angular setting of the test-line pair that appeared erect to the subject [visually perceived erect (VPE)] (Fig. 2) . Sensitivity to the variation of the pitch of the flanking inducing lines provides a measure of the depth contrast effect. We employ the slope of the VPE-vs.-pitch function as our measure of the magnitude of BDC. The average slope of the VPE-vs.-pitch function was 0.35, which is comparable with those measured by Werner (7, 8) and Ogle (3) , as well as by Poquin et al. (23) , who used a very similar real stimulus, although these earlier experiments had used a single test line in the median plane. There was considerable consistency across sessions by the individual subjects, as indicated by the 1.0 regression between the slopes of the two sessions across the subjects. The average y-intercept of the VPE-vs-pitch function was 2.3°, not significantly different from the average value of 2.9°, measured in darkness without the inducing stimulus (dVPE).
Exp. 2: Bilaterally Asymmetric Inducing and Test Stimuli.
Removing one inducer and one test line from the four-line stimulus yields the four different two-line configurations that we used in Exp. 2: two with the inducing line and test line on the same side of the median plane (''same-side'' configuration) and two with the inducing line and test line on opposite sides of the median plane (''opposite-sides'' configuration) (Fig. 2) . Inducer and test lines on same side of the median plane. In separate sessions, each of the two 1-line inducers was presented at each of six equally spaced pitches (Ϫ25°to ϩ25°) along with the test line on the same side of the median plane. These same-side configurations produced a significant depth contrast effect. The average 0.35 VPE-vs.-pitch slope (Fig. 2 ) duplicated the value measured for the bilaterally symmetric four-line inducer. This pattern of results-indistinguishable slopes for the same-side and four-line configurations-was found for each of the individual subjects, despite differences in individual subjects' slopes, which ranged from 0.20 to 0.45. The y-intercept of the VPEvs-pitch function was 3.6°, not significantly different from the average of the dVPE settings for this configuration (4.6°). Inducer and test lines on opposite sides of the median plane. In sharp contrast to the two conditions described above, no significant effect of changing the pitch of the inducing line was measured in the two sessions in which single test and inducing lines were presented on opposite sides of the median plane (Fig. 2) . The average slope (0.04) was not significantly different from zero. , along with the self-luminous fixation target, which were viewed by the subject (whose two eyes are represented by the two circles in the lower left) in otherwise complete darkness. All of the regions shown as gray were painted flat black along with all of the cross-pieces and stands. The four stimulus lines are represented by the white vertical stripes in the centers of the vertical gray bars; the fixation target is represented by the white dot in the center of the frontmost horizontal bar. As shown by the two-headed arrows to the right of the horizontal crossbars, both the inducer lines and the test lines could be rotated in the pitch dimension and set at any angle of pitch by rotation of the crossbar on which they were mounted. See Methods: Apparatus for more detail.
Fig. 2.
Average VPE results for four subjects in Exp. 1 (four-line condition) and Exp. 2 (same-side and opposite-sides two-line conditions) are displayed along with sketches of the three stimulus conditions. The two dashed lines result from the fitting of the two-process, three-stage model (Fig. 3) to the results of Exp. 2. For all subjects and conditions, settings were made with a standard error of at most Ϸ1°.
With the exception of subject TL, who showed a small increase in VPE with the ϩ25°inducer, none of the individual subjects' slopes differed significantly from zero. Individual subjects' VPEvs-pitch intercepts (mean ϭ 4.3°) were indistinguishable from the average of their dVPE settings (mean ϭ 4.3°). Differences in interstimulus distance fail to explain the restriction. Because the separation between inducing and test lines is larger for the opposite-sides than for the same-side configuration (33.5°vs. 16.5°), the difference in the magnitude of induction that was observed in those conditions might be the consequence of a process whose potency diminishes with distance. However, in several subsequent experiments in which we measured depth contrast with a single test line and an inducing line at a large number of different eccentricities and separations for both same-side and opposite-sides inducers, no effect of distance that could explain the same-side/opposite-sides difference was obtained (Fig. S2 ). This lack of an effect of interstimulus distance to explain the magnitude of BDC is consistent with the results of van Ee and Erkelens (12) .
Previous theories cannot predict failure of induction across the midline.
The difference between same-side and opposite-sides results cannot depend solely on changes in binocular correspondence or cyclovergence due to the induction line: Any changes in the central representation of corresponding points or in the state of cyclovergence that produced a change in the same-side condition would be expected to induce a similar change in the oppositesides condition. Each of the models referred to above-both those that depend exclusively on horizontal binocular retinal disparity and those that employ additional processes such as a difference in perspective-fails to predict the loss of effectiveness of the inducer on the test line for the opposite-sides configuration. We now present an interpretation that does predict the homolateral restriction.
Two-Process, Three-Stage Neural Model for BDC
Basics of the Model. The model consists of a series of three stages that operate on the stimulation from the inducing lines and the test line to yield the perception of the test line's pitch. It is based on the linear combination of two processes that operate on information about retinal orientation, , from the two eyes (Fig.   S1 ). The first stage (Fig. 3) involves subtractive processes that compute the orientation disparity between the two eyes for the test line and the inducing line as ␦ T ϭ lT Ϫ rT and ␦ I ϭ lI Ϫ rI , respectively. The summing process computes the corresponding sums of the image orientations as ͚ T ϭ lT ϩ rT and ͚ I ϭ lI ϩ rI , respectively. In the second stage, the difference signals for test and inducing lines, ␦ T and ␦ I , are linearly combined in the difference channel by the function g ␦ ; the sum signals for test and inducing lines, ͚ T and ͚ I , are linearly combined in the sum channel by the function g ͚ . The linear transforms used by g ␦ and g ͚ yield Ј ␦ and Ј ͚ , the inputs to the third stage:
The third stage obtains the final predicted pitch percept of the test line, Ј, by generating a weighted combination of Ј ␦ and Ј ͚ (here a simple average is used); thus:
where ␤ is an idiosyncratic constant.
The k and parameters of Eqs. 1a and 1b possess different properties: k ␦ and k ͚ are based on the physical geometry relating physical pitch and retinal orientation independently of perception. Thus, the physical pitch of the isolated test line is nearly linear with both ␦ T and ͚ T over a Ϯ25°-range with kЈ ␦ ϭ d T /d␦ T and kЈ ͚ ϭ d T /d͚ T . At the test line's 8.33°eccentricity, the best-fitting values are kЈ ␦ Ϸ 8.78 and kЈ ͚ Ϸ 3.25. By identifying k ␦ and k ͚ in Eqs. 1a and 1b with kЈ ␦ and kЈ ͚ , we treat them as representing the model's estimate of sensitivity of perceived pitch, Ј ␦ and Ј ͚ , to variation in the difference and sum of retinal orientations, respectively. When the inducer is absent, Eqs. 1a and 1b reduce to Ј ␦ ϭ k ␦ ␦ T and Ј ͚ ϭ k ͚ ͚ T , involving the k parameters only (without ), and k ␦ Ϸ Ј ␦ /␦ T and k ͚ Ϸ Ј ͚ /͚ T . Thus, whereas the kЈ values transform physical pitch () to ␦ T and ͚ T , the k values ''reverse'' the mapping and transform ␦ T and ͚ T into perceived pitch (Ј). On the other hand, the values of the parameters are empirically determined from fits of the model to the depth contrast data. Each of these values determines the relative weights of the influences from the inducing stimulus and the test line itself on one of the two processes, and the k value scales the weighted difference between the two processes.
In the Introduction, we pointed out the importance of invariance of the sign of the binocular disparity and reversal of the sign of the monocular orientations for a single pitched line viewed in the right or left visual field. In the model, whereas the sign of the difference signal, ␦, is identical for a line of the same pitch on both sides of the median plane, the sign of the sum signal, ͚, is reversed on the two sides; this behavior of signs in the model corresponds to the physical geometry of the binocular view and is a direct consequence of it.
Model Predictions of BDC. The model's predictions from Eqs. 1a and 1b for the slopes and y-intercepts of the VPE-vs.-pitch function for the same-side and opposite-side one-line inducer in Exp. 2 are excellent (Fig. 2) . The dashed line with a slope of 0.35 and a y-intercept of 3.42°is the prediction for the same-side condition; the dashed line with a slope of 0.00 and a y-intercept of 3.42°is the prediction for the opposite-sides condition.
An example of our fitting the model to data is outlined in Fig.  4 for an inducing line pitched 15°topbackward on the right (Upper) or left (Lower) sides of the median plane with eccentricity ϩ25°and Ϫ25°, respectively, and a test line at 8.3°-eccentricity on the right side of the median plane both Upper and Lower. The test line is pitched at the measured VPE in Fig. 2 (Ϫ2.1°and 3.9°for the same-side and opposite-sides conditions, respectively).
The fits to the model shown in Fig. 2 were obtained from Eqs. 1a and 1b by employing best-fitting values of ␦ and ͚ (0.581 and 0.106), k ␦ and k ͚ (8.78 and 3.25), and ␤ (Ϫ3.42°). For the example in Fig. 4 , with the one-line inducer on the right side of the median plane, ␦ I and ͚ I equal Ϫ1.0 and Ϫ14.2, respectively; with the one-line inducer on the left side of the median plane, ␦ I and ͚ I equal Ϫ1.0 and ϩ14.2, respectively. With empirical VPE values of Ϫ2.1°and 3.9°, the model predicts Ј ϭ Ϫ0.32°and 0.23°, respectively. Both of these predicted values approximate 0°, as expected because all of the test line settings in the experiments in Fig. 2 were to a perceptual criterion of ''erect.'' Similar calculations for the other inducer pitches employing the same parameter values for k ␦ , k ͚ , ␦ , ͚ , and ␤ predict approximate values of Ј ϭ 0°corresponding to linear increase of VPE with inducer pitch in the same-side condition and invariance of VPE with inducer pitch in the opposite-sides condition.
Experiment 3: Three-Line Configuration
The model was constructed by following our discovery of the homolateral restriction on spatial induction and was specifically designed to account for it. Thus, it seemed desirable to carry out an experiment in which the outcome could further distinguish the model from earlier interpretations: The earlier theories based on unstable binocular correspondence or cyclovergencemediated compulsion-to-fusion, suggest increased BDC with an increase in the number of lines in the inducer without regard for inducer and/or test laterality. However, the two-process model makes three additional predictions: (i) that no change in the slope of the VPE-vs.-pitch function would result from adding an opposite-sides line to a same-side inducer that itself produces a substantial slope, (ii) that adding a same-side inducer to an opposite-sides inducer would convert a zero slope to the same substantial slope measured in the same-side condition, and (iii) that removing a test line from the four-line condition would have no effect on the measured BDC. All three of these predictions can be examined simultaneously by using a three-line configuration consisting of two inducing lines and a single test line.
Thus, we used a three-line configuration in Exp. 3. The test line was located in the left visual field in one session and in the right visual field in the other session; there was no difference between the results in the two sessions, and the results were averaged. The results (Fig. 5 ) support the slope predictions from the two-process, three-stage model for each of the three subjects: As is apparent in Fig. 5 , the BDC slope for the three-line condition was not significantly different from the two-line same-side condition (or from the four-line condition) but did differ significantly from the opposite-sides condition. Thus, increasing the number of lines in the inducer without regard to laterality does not necessarily increase the BDC effect.
Discussion
The present model predicts the discovery of a homolateral restriction on the spatial induction of BDC as well as the results of Exp. 3, which was specifically designed to test the model. It also predicts the results of other types of binocular measurements. Of particular interest are visual-and manual-pitchmatching experiments using large-field pitched stimuli; for example, those of Li and Matin (25) (27) , all of whom report approximately veridical pitch matching with various large or full-field, pitched-line stimuli. In addition, there have been reports from two different laboratories in which a positive bias of Ϸ3°-very similar to the values in the present experiments-has been found in experiments involving pitch induction in measurements of both dVPEs and the y-intercept of VPE-vs.-pitch functions employing both a square-outline-inducing frame in otherwise complete darkness (24) and induction by a fully structured, well illuminated pitchroom under binocular viewing conditions (28) . The VPE bias has been attributed to the body-referenced mechanism † (28) .
A two-channel approach similar to the present one was used by Cohn and Lasley (29) for interpreting their absolute-threshold detection experiments on binocular luminance summation: One channel calculated the sum of the luminances to the two eyes, and the other calculated the luminance difference. Their treatment fitted their experimental summation results well. However, they also noted (29, 30 ) that a single additive mechanism readily predicts their binocular luminance summation results, as had already been shown for results with the identical elliptical form for monocular luminance summation with a variable temporal interval (31, 32) . Cohn, Leong, and Lasley (30) subsequently carried out suprathreshold discrimination and recognition experiments, which they interpreted by a two-channel model with sum and difference channels in the context of signal/noise modeling. However, they recognized the limitations of this approach for deciding between one-channel and two-channel mechanisms in their threshold summation experiments, and the door remained open for a single-channel interpretation of their original summation results.
No similar limitation exists for the interpretation of our BDC experiments. Although a single difference channel based on binocular disparity could account for previous work on BDC, we know of no single-channel model that can account for the results containing the homolateral restriction.
For the same-side configuration, the neural signals regarding both induction and test stimuli travel via the optic tract to primary visual cortex in the same cerebral hemisphere, whereas for the opposite-side configuration the signals for inducing and test lines go to primary visual cortex of opposite hemispheres. Neurophysiological evidence for a summing channel in V1 was first presented in the original Hubel and Wiesel work with cats (33) and monkeys (34) , and subsequent work by Pettigrew and his colleagues (35) showed summation peaks at different amounts of binocular retinal disparity in different neural units. This work could have provided the basis for a homolaterally restricted induction process consistent with the present results and would provide a sufficient basis for explaining them. However, given the lack even of processing consistent with the basic properties of binocular stereovision in V1 (36, 37) , there are reasons for looking further for an explanation: The considerable cross-hemispheric connections at the later stages of visual processing (e.g., V4), along with a substantially shared representation of both visual fields intrahemispherically (e.g., refs. 38 -42) , are consistent with the possibility of a pair of channels encoding both sums and differences of retinal orientations and provide a biologically plausible basis for modeling depth contrast by using such channels (see SI Text).
Methods
Apparatus. A phosphorescent circular fixation target (12Ј radius) centered in the median plane of the observer at eye level was used to permit systematic control of the retinal eccentricity of both the inducing and test stimuli. Either one or two long, thin phosphorescent inducing lines (77°ϫ 4Ј when erect) were presented at horizontal eccentricities 25°to the right and/or left of the fixation target (measured within the plane of the observer's eye level); either one or both were presented in a given condition. Either one or two thin phosphorescent test lines (33°ϫ 6Ј when erect) were presented at eccentricities of 8°20Ј to the right and/or left of fixation. The test and inducing lines were mounted on independent horizontal axes within the observer's frontal plane at distances of 0.6 and 1.0 m, respectively, which allowed the pitch of the inducing lines to be set independently of the pitch of the test lines. Each line was centered at the observer's eye level.
The stimulus lines and fixation target were the only sources of illumination present while the observer was performing discriminations in the light-tight testing room. The luminance of the phosphorescent material was Ϸ0.01 ml (EG&G photometer/radiometer 550). To maintain their visibility, the room lights were turned on periodically while the subject sat with his/her eyes closed. No other objects or features of the room were visible to subjects at any time during testing.
Line Configurations. In Exp. 1, a bilaterally symmetric four-line configuration was used ( Procedure. Using the nulling technique that had been used in previous work, BDC was measured by requiring subjects to adjust the physical pitch of the test stimulus to appear erect (VPE).
During each session, six measurements each were obtained for inducing pitches from ϩ25°to Ϫ25°(10°increments) in random order. The magnitude of BDC was taken as the slope of the response function. At the beginning and end of a session, three settings in the absence of any inducing lines were also made (dVPE). dVPE settings served as a measure of the perception of the erect orientation of each test stimulus in the absence of any visual surround. In addition, dVPE settings served to verify that the internally referenced standard relating to the erect pitch orientation, against which subjects presumably compared their visual percept of the test stimulus, did not change during the session.
Exp. 1 consisted of two sessions. The identical four-line stimulus was presented in both sessions. Exp. 2 consisted of four sessions, one for each of the possible combinations of a single inducing and single test line taken from the four-line stimulus of Exp. 1. Exp. 3 consisted of two sessions, one for each configuration. Fig. S1 . Each of the two panels (a and b) displays projection spheres superimposed and centered on the two eyes viewing a single pitched line on one side of the median plane. The projection spheres are employed as vehicles for providing coordinate systems which define directions, orientations, and sign conventions in the proximal stimulus on the assumption that each sphere is fixed in space and concentric with a stationary eye (see refs. 8 -14) . Projection is through a pinhole pupil at the center of an opaque plane at the center of the sphere; the front surface of the sphere is transparent; the image of each straight line on the back surface of the sphere falls along a great circle [eyes are assumed to be looking straight ahead with the centers of coordinates (foveas) directed at infinity]. Three orthogonal great circles provide the coordinates on the sphere's surface: the central vertical retinal meridian (CVRM) corresponds to the median plane of the observer's viewing eye; the circumference of the midfrontal plane (CMFP) corresponds to the observer's midfrontal plane; the equator, assumed to be horizontal, is perpendicular to the CVRM and CMFP. We define the ''retinal orientation'' of the line's image () as the angular deviation on the CMFP between the great circle containing the line's image and the CMFP's zero (the CMFP's zero is its point of intersection with the CVRM at the top of the sphere). The lines in a and b are pitched topbackward ( ϭ Ϫ15°) from the same surface around a horizontal axis in a frontal plane at eye level. In a, the pitched-from-vertical line is 25°t o the left of the median plane ( ϭ Ϫ25°) that falls between the two forward-pointing eyes (dashed vertical line); in b, the line is 25°to the right of the median plane ( ϭ ϩ25°). In effect, then, the pitched-from-vertical line in a has been parallel-transported along the pitched surface to the bilaterally symmetric eccentricity in b as is suggested by the pitched wedge containing the pitched line in both a and b. Measured along the CMFP, the retinal orientation () is calculated as ϭ arctan(tan ϫ tan). In a, ϭ 6.6°and 7.6°for the left and right eyes, respectively; in b, ϭ Ϫ7.6°and Ϫ6.6°for the left and right eyes, respectively. The sum and difference of retinal orientations in the two eyes, (͚) and (␦), respectively, is shown, displaying the fact that although the sum changes sign with change in laterality, the difference does not. Two distances, both separately and together, play a role in the binocular geometry (although neither is important in the geometry for monocular viewing): the interpupilary distance and the viewing distance. Throughout the present article, we assume the interpupilary distance ϭ 6.5 cm; in the experiments reported here, the viewing distance for the inducing line was 1m, and the viewing distance for the test lines was 60 cm.
Although the above great circle model has been very useful in providing a coordinate system with which to characterize the proximal stimuli in a simple fashion and to represent the symmetries involved in spatial induction it treats the 'nodal point' of the projection sphere as if it is centered at the center of the eye instead of 5.8 mm in front of the ocular center as in a more realistic schematic eye (15) . Thus, for a given visual angle in the proximal stimulus, the distance on the retina calculated as an output from the projection sphere is small relative to the value calculated as an output from the eye-with-decentered-nodal-point (hence our use of ''approximation'' in ''spherical approximation to the eye''). Only the images of straight lines in object space which cross the intersection at the retina between the median plane and the equator fall on great circles in the more realistic eye-with-decentered-nodal-point; all others fall on small circles. Visual angle values here were calculated in object space and are very close approximations to both the proximal stimulus and the retinal stimulus in the more realistic eye-with-decentered-nodal-point. Fig. S2 . In a subsequent series of experiments, we varied the separation of a single test and inducing line, both when this separation did and did not cause the test and inducer to appear on opposite sides of the median plane. For the two same-side conditions, the inducer was at 25°and 35°with the test line at 5°e ccentricity; for the two opposite-sides conditions the inducer was at 15°and 25°with the test line at 5°eccentricity. The result shown here is a small segment of the results from a large set of experiments in which the other results are entirely consistent with those shown here.
